ABSTRACT: The acid strength and the number of acid sites on various clays were determined by observing the colouration of Hammett indicators adsorbed on them and by titrating benzene suspensions of them with n-butylamine, respectively. H(Al)-saturated allophane behaves as a strong acid (Ho; -5"6 ~ 1 "5)in a relatively dry environment (relative humidity 10-55~), but its acid strength is very much reduced either by increasing its water content or by saturating it with alkali or alkali earth metal cations. Imogolite shows only a very weak acidity (Ho; 4-6~ 6"8)under medium dry to moist conditions (relative humidity; 30-q00~). Both allophane and imogolite show a marked enhancement of acidity (/40; --8"2 ~ 1"5) when they have been dried over P2Os or heated to result in dehydroxylation. H(A1)-saturated montmorillonite, kaolinite and halloysite show stronger acidities (Ho; -5"6 ~ 1"5) than allophane (Ho; 1"5~6"8) in a relatively moist environment (relative humidity; > 60 ~). The n-butylamine titre and CEC show a good agreement for montmorillonite, hut a poor agreement for allophane. The latter discrepancy which is larger for allophane when it has been heated at 150 and 300~ is also found for imogolite when similarly heated. In these titrations, excess butylamine is found in supernatants at end-points. Therefore, the n-butylamine titre as such can not be used for the estimation of the number of acid sites on imogolite and allophane. The origin, structure and transformation of the acid sites on these clays is discussed.
INTRODUCTION
Many studies have been carried out on the acidities clays exhibit in aqueous suspensions. Allophane is considered to be weaker as an acid than montmorillonite, halloysite and kaolinite on the basis of pH dependence of their measured cation-exchange capacity (CEC) values (Birrell & Gradwell, 1956; Wada & Ataka, 1958; Fieldes & Schofield, 1960; Iimura, 1966) . Yoshida (1970 Yoshida ( , 1971 ) has arrived at the same conclusion by treating allophane, halloysite, kaolinite and montmorillonite with A1CI3 solutions, and by determining the contents of exchangeable A1 ~+ and H +, where A1 '~+ and H + are assumed to be retained by strong and weak acid sites, respectively.
On the other hand, the acid strength of air-dried montmorillonite and kaolinite as well as synthetic aluminosilica gels has been estimated by examining the colours of pH indicators adsorbed on to clays in non-polar solvents (Benesi, 1956) . Yamamoto (1960) determined the acid strength of allophanic materials using butter yellow in iso-octane, and found that the air-dried samples develop only weak acidities, whereas the preheated samples develop fairly strong acidities. A remarkable enhancement of surface acidity measured by colouration of pH indicators upon drying a clay sample was also found for kaolinite (SolomOn & Murray, 1972) . For montmorillonite, the increase of the acidity or proton donating properties of the clay surface with decreasing water content and with increasing polarization forces of exchangeable cation has been demonstrated by a number of investigators, as has been reviewed by Mortland (1970) . In these studies, the protonated form of a compound adsorbed on the clay surfaces was differentiated from the neutral form on the basis of infrared absorption spectra. The effect of water content has been explained in terms of increasing concentration of the polarization effect of exchangeable cation on the fewer remaining water molecules. The results described above indicate that determining the acid strength and the number of acid sites of clays at different water contents is required for understanding of the surface acidity in relation to the surface structure of clays. Importance of amorphous and poorly crystalline clay materials in many physical and chemical reactions in soils has increasingly been recognized in recent years. The purpose of the present study is to obtain information about the acid properties of allophane and imogolite, which will give an insight into the origin of the acid sites and the surface structure of these minerals. The samples received different cation saturation and drying or heating treatments. The acid strength and the number of acid sites were determined by observing the colouration of indicators adsorbed on the samples and by titrating benzene suspensions of the sample with n-butylamine, respectively. The comparative measurements were carried out for crystalline layer silicates and gibbsite.
MATERIALS AND METHODS

Clay samples
Brief descriptions of the nine samples are given in Table 1 . Five of them represent allophane and/or imogolite with SIO2/A1203 molar ratio ranging from 1 to 2. These samples were separated from weathered volcanic ashes and pumices by treating them successively with H202, Na2S204-citrate-bicarbonate (Mehra & Jackson, 1960) and 2~176 Na~CO3 (90~ 15 min), and by dispersing them in water after a 20 kc sonic wave treatment. The < 2 t~m fractions were collected by sedimentation, flocculated by adding NaC1 to the collected suspensions, dialysed in cellulose tubes and freezedried. The remaining four samples are nearly pure montmorillonite, kaolinite, halloysite and gibbsite. These were pulverized and suspended in aqueous media at pH 9-10. The < 2 /~m fractions were collected, dialysed and freeze-dried. Trace * Measured by determining Na retention from 0-05 N NaCH3COO of pH 7"0 at 25~ (Wada & Harada, 1969) .
Determined for Na-saturated and dialysed clay by replacement with N NH4CHaCOO. X-ray analysis and electron microscopy indicate that sample 905 has a higher imogolite content and a lower allophane content than sample 1041. X-ray diffraction from imogolite is evident for sample 905, though not as typical as for samples KiG and KaG, but is not evident for 1041.. High resolution electron micrographs shows the presence of imogolite in both samples 905 and 1041 in considerable amounts.
For the sake of simplicity, these Na-saturated and dialysed samples are hereafter labelled as Na-elays, though, as shown in Table 1 , the dialysis resulted in a nearly complete loss of exchangeable Na + from imogolite (KaG) and in a partial loss from a sample containing both imogolite and allophane (1041), kaolinite and halloysite. For preparation of a H(A1)-clay, a part of Na-clay was resuspended in water, passed through columns containing H-saturated IR-120 resin and OH-saturated IR-45 resin, successively, and freeze-dried. The samples thus obtained contain no detectable amount of exchangeable Na +. K-, NH~-, Mg-, Ca-, Ba-, Fe-and Al-clays were prepared by washing the Na-clay with the respective normal chloride solutions. They were also dialysed and freeze-dried.
Determiniation of acid strength
The acid strength of clays was estimated from the colour of indicators of known pKa (Table 2 ) adsorbed on surfaces according to the methods described by Walling (1950) and Benesi (1956) . * Sulphuric acid compositions which exhibit the pH corresponding to the mid-point of each of the acid-base transitions (Benesi, 1956 ).
Before determination, the samples were equilibrated in atmospheres at different relative humidities, evacuated over P20~, or heated for 2 hr at every 100~ in the range from 100 to 1000~ Five to 10 mg of the sample was placed into a test tube with a fitted stopper. Special care was taken to avoid moisture adsorption by the sample, particularly when it has been equilibrated in an atmosphere of the lower relative humidity or heated. The colour of an adsorbed indicator was observed after adding 2 ml of 0.1 ~ indicator solution usually in benzene, and shaking the content of the tube briefly. For example, a sample which gives a yellow colouration with benzalacetophenone (pKa; --5.6), but is colourless with anthraquinone (pKa; --8.2), is estimated to have an acid strength H0 which lies between --5.6 and --8.2. H0
gives a quantitative measure for the ability of the surface to convert an adsorbed neutral base into its conjugate acid, and is related to the pKa of the indicator by
where [B] and [A] are the concentrations of the base and acid forms of the indicator, respectively.
Estimation of the number of acid sites
(a) Amine titration method. The n-butylamine titration by successive approximations (Benesi, 1957) was carried out using butter yellow as an indicator. Air-dried samples of a known weight (10 20 mg) were taken into test tubes with fitted stoppers, and were used for titration as such or after heating at 150 or 300~ Different amounts of 0.01 M n-butylamine benzene solution were added to each tube. The tubes were immediately stoppered, and stored for 20-60 rain in a desiccator over CaC12. Then, one to two drops of 0"1% butter yellow solution in benzene were added to each tube. As shown in Table 2 , the base form of this indicator gives yellow colouration, but when adsorbed on the acid sites, its colour changes to red. The n-butylamine titre required to change the colour of the adsorbed indicator from red to yellow was obtained and used for estimation of the number of the acid sites. The final titre was determined by using the smaller step-wise increase in n-butylamine addition betwen the limits established in the previous trial. The number of the acid sites estimated in this way is that of those having acid strengths with H0 ~ 3"3.
(b) Amine adsorption method. Air-dried samples of a known weight (10-20 mg)
were taken into test tubes with fitted stoppers and were used as such or after heating at 150 or 300~ Different amounts of 0.01 M n-butylamine solution in benzene ranging from 2 to 5 ml were added to each tube. The tubes were tightly stoppered and stored for 20-60 min in a desiccator over CaC12. One ml portions of the supernatants were taken from the equilibrated suspensions, and the amounts of n-butylamine remained were obtained by titrating them with 0-016 M trichloroacetic acid solution in benzene using 2, 4-dinitrophenol as an indicator. The amount of n-butylamine adsorbed was calculated by subtraction of its amount remained in the supernatant from that added.
RESULTS AND DISCUSSION
Acid strength
The acid strengths of H(A1)-clays and Na-clays equilibrated in atmospheres at different relative humidities are presented in Fig. 1 . The acid strength of a clay varies with relative humidity, but a pattern of variation differs from one clay mineral species to another, probably reflecting the differences in surface structure.
The acid strength of a clay is lowered when it has been equilibrated in an atmosphere at a higher relative humidity (Fig. 1) , indicating that the adsorption of water on the clay surface changes stronger acid sites into weaker ones. An exception is gibbsite which exhibits the weakest acidity throughout the humidity range from zero to 100%. Imogolite (KiG) shows also the ~ weakest acidity at relative humidities higher than 20~ but its acid strength then increases up to an Ho of --5.6 to 1.5 when dried over P20~. H(A1)-allophane shows stronger acidities than H(A1)-imogolite at all the relative humidities and its acidity is less affected by the presence of water. The samples containing both allophane and imogolite shows intermediate behaviours, as illustrated for sample 1041. H(A1)-montmorillonite, kaolinite and halloysite show acidities similar to or stronger than those of H(Al)-allophane, and their acidities are least affected by the presence of water. When dried over P205, these minerals exhibit a very strong acid strength, an Ho of --8-2 to --5.6, which corresponds to that exhibited by 71-90% of sulphuric acid solution. The effect of exchangeable Na + saturation on the acid strength also varies from one mineral species to another. A neutralization effect was observed both for allophane and montmorillonite, but was not evident for imogolite (KiG), kaolinite and halloysite (Fig. 1) . The absence of the effect for imogolite, however, merely reflects the loss of exchangeable Na + during the dialysis, which is indicated by comparison between the CEC and exchangeable Na + content (Table 1 ). The partial loss of exchangeable Na + from kaolinite and halloysite may also account for the lack of the neutralization effect, though hydrolysis of exchangeable cation is normally expected for relatively weak acid sites. Na-kaolinite and Na-halloysite exhibit stronger acidities in comparison with Na-montmorillonite (see also Fig. 3) , whereas H(A1)-kaolinite, -halloysite and -montmorillonite exhibit similar acidities. Benesi (1956) made a similar observation on kaolinite and montmorillonite, though he showed that H-kaolinite dried at 120~ has a stronger acidity (H0; --8.2 to --5.6) than Na-kaolinite (H0; --5.6 to --3.0). Figure 2 shows the effect of saturation treatment with different exchangeable cations on the acid strength of allophane and montmorillonite. The decreasing order in the acid strength of these clays may be summarized as follows:
Allophane: H(A1), A1, Fe > Mg, Ca, Ba > K, NH4 > Na Montmorillonite: H(A1), A1, Fe > NH4 >Ba ~ K > Mg, Ca > Na.
The differences in the acid strength are much reduced when the clay has been evacuated over PzOs or exposed to air saturated with water vapour. It indicates that the effect of exchangeable cation appears through its interaction with coordinated water.
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AI Iophane H(AI).AI. As described in the introduction, the observed effect of exchangeable cation on the acidity of a clay surface can largely be accounted for by variation in the polarizing effect of the exchangeable cation. This polarizing effect increases with increasing positive charge and with decreasing radius of an ion, i.e. with increasing ionic potential (valence/ionic radius). The decreasing order of the acid strength obtained above shows, however, some deviations from the decreasing order in the polarizing effect; H > A1 > Fe > Mg > Ca > Ba > Na > K > NH4. The observed order is often reversed for the cations within and between the divalent and monovalent cation groups. This probably means that other factors, which may affect arrangement of coordinated water and/ or indicator molecules around the cation, are involved in the reaction. A remarkable difference in the acid strength between NH4-allophane and NH4-montmorillonite deserves particular attention. It may suggest that deprotonation from exchangeable NH4 + can occur and that the ease of this proton transfer is dependent either on the mechanism of charge development or on the environment around the negative charge sites in the clays. Figure 3 shows the acid strengths of allophane, montmorillonite, halloysite and kaolinite measured in different alcohols using butter yellow and benzeneazodiphenylamine as indicators. The measured acidities of these air-dried clays increase as the number of carbon atoms within an alcohol molecule increases, and hence, as the atomic ratio of OH]C decreases. This result indicates that alcohol molecules can compete with water molecules for ligand positions around the cation and dissipate their polarizing effect. The measurement of acid strength in different alcohols may be used for finer differentiation in acid strength, as illustrated for H(A1)-or A1-montmorillonite and Na-halloysite or Na-kaolinite (cf. Figs 1 and 3) . and halloysite (Ht) measured in methanol (C-l), ethanol (C-2), 1-propanol (C-3), 2-propanol (C-3'), 1-butanol (C-4), 2-methyl-l-propanol (C-4') and 1-pentanol (C-5) using butter yellow (BY) and benzeneazodiphenylamine (BA) as indicators. (A) stands for acid colour and (13) stands for basic colour. Figure 4 shows the effect of preheating of the clay on the measured acid strength. Comparison between the acid strengths of the samples heated at 100-200~ and those dried by evacuation over P20~ (Fig. 1) indicates that heating at 100-200~ causes removal of some water from the surface acid sites.
Heating the samples at 300~ or at higher temperatures will result in structural changes of the clay by dehydroxylation in addition to dehydration, or in transformation to different mineral phases by rearrangement of atoms. With imogolite, the acid strength attains to its maximum, an H0 of --8.2 to --5-6, at 500~ (Fig. 4) , where dehydroxylation has largely been completed (Wada & Yoshinaga, 1969) . This strong acidity is exhibited by the samples heated at temperatures up to 900~ but not by the sample heated at 1000~ The abrupt loss of the acidity between 900 ~and 1000~ may be related to nucleation of mullite, since there was an exothermic peak at 980~ on the DTA curve, and mullite was detected by X-ray and infrared spectroscopic analyses in the sample heated up to 1000~ The increase in the acid strength associated with dehydroxylation is also found for allophane and allophane/imogolite at 400~ H(A1)-allophane maintains this maximum acid strength even after heating at 1000~ while Na-allophane gives an indication of decrease in acid strength after heating at 900~ and shows only a very weak acidity after heating at 1000~ Unlike imogolite and allophane, crystalline layer silicates show no particular increase in acid strength associated with dehydroxylation (Fig. 4 ). Both Na-and H(A1)-montmorillonites heated at 300~ show a decrease in acid strength compared with those heated at 200~ and dried over PzOs. No increase in acid strength takes place by heating them at temperatures higher than 300~ On the other hand, Nakaolinite and Na-halloysite heated at temperatures up to 700-800~ shows a very strong acidity, but it is irrespective of the temperature at which the samples have been heated. The acid strength then decreases by heating them further at 800-900~ It is evident that this decrease in acid strength may relate to but precedes nucleation of mullite and/or v-alumina (Tsuzuki, 1961) or formation of the A1-Si spinel phase (Brindley & Nakahira, 1959 ) from metakaolin.
Number of acid sites
The n-butylamine titration was carried out using butter yellow as an indicator to determine the total number of acid sites on the clays with the strengths H0 ~ 3-3. Paralleling this measurement, the amounts of butylamine adsorbed on the clays were determined. The results are listed in Table 3 . The n-butylamine titres are very small for air-dried samples of H(A1)-imogolite and H(A1)-allophane, whereas the amounts of n-butylamine adsorbed on them are nearly equal to and about half of their CEC, respectively (Table 3 ). The n-butylamine titre and adsorption, and the CEC show a good agreement for H(A1)-montmorillonite. The result confirms quantitatively that the acid sites on montmorillonite correspond to the cation-exchange sites, as has been suggested from the effect of exchangeable cation on the acid strength (Fig. 2 ). The butylamine titres for H-and Na-montmorillonites determined by Benesi (1957) were 65 and 4 mmol per 100 g clay, respectively, though these titres were lower than the CEC, 98 mEq per 100 g clay, determined in an aqueous solution. The agreement between the butylamine adsorption and the CEC for imogolite may suggest the correspondence of the acid sites to the cation-exchange sites, but there remains a possibility that butylamine is retained by the anion-exchange sites, which can also release protons (Harada & Wada, 1973) . For allophane, the quantitative relationship between the number of acid sites and cation-exchange sites has not been clarified. The n-butylamine adsorption is lower for Na-allophane than H(A1)-allophane, but the difference between them is relatively small.
There are approximate agreements between the n-butylamine titre and adsorption for imogolite and montmorillonite heated at 150~ but not for imogolite heated at 300~ (Table 3) . There is a discrepancy between the two values for allophane when it has been heated at 150~ and a larger discrepancy when it has been heated at 300~
When a discrepancy occurred, back titration with trichloroacetic acid indicated that excess butylamine was always present in the supernatant liquid when the colour of butter yellow adsorbed on these clays changed from yellow to red, whereas no excess butylamine was found in the titration of montmorillonite. This result indicates that the n-butylamine titration method as such can not be used to estimate the number of acid sites on allophane and imogolite.
The higher the temperature of the heating treatment, the greater the amount of n-butylamine adsorbed on imogolite (Table 3 ). The result indicates that heating the sample results in an increase not only in the acid strength (Fig. 4) but in the number of acid sites. This increase in the number of acid sites may be correlated with the increase in the CEC of soils containing imogolite and allophane, 905 and 1041, upon dehydration either by desiccation or by heating which was reported by Harada & Wada (1974) . A similar increase in the CEC was also observed for weathered pumice containing allophane, PA (Harada & Wada, 1974) . The increase in the adsorption of n-butylamine for allophane is, however, relatively small.
No satisfactory explanation has yet been given for low reactivity of n-butylamine with allophane and imogolite. This may not be a simple steric hindrance, since butter yellow (paradimethylaminoazobenzene) which is larger than n-butylamine as a molecule is adsorbed in the presence of excess n-butylamine. This peculiarity in interaction with n-butylamine may merit further study with the view of elucidating the location and environment of the acid sites and cation-exchange sites in allophane.
Acid sites on clay sur[aces
From the foregoing, it is evident that different clay minerals have distinctly different surface acid sites. They may be classified into three groups on the basis of H0 values of H(A1) forms measured at relative humidities 50 and 100% (Table 4 ). The first, second and third groups of acid sites are found respectively in crystalline layer silicates, allophane and imogolite, though there remains a possibility that acid sites weaker than the characteristic acid sites are present in the respective minerals. It is expected that these acid sites act as cation-exchange sites in the pH range which is normally found in soils. Table 4 also shows that the different acid sites have different functions as the cation-exchange sites.
It has been established for montmorillonite that the negative charge site arises predominantly from the isomorphous replacement within the layer lattice. The effect of decreasing water content on the acid strength may be visualized as the increasing splitting off of a proton from H30 + and/or the increasing proton donation of the remaining water molecules around A1 and other exchangeable cations due to the increasing effect of their polarization. Retention of exchangeable alkali and alakali earth metal cations by these strong acid sites is not primarily affected by pH nor by the concentration of the respective cations. There is also a good agreement between the CEC measured in an aqueous solution and the number of acid sites measured in a non-polar solvent (Table 3 ). The origin of the negative charge is less certain for kaolinite and halloysite, but the isomorphous replacement within the layer lattice is indicated by the strong acidities exhibited by these minerals. The CEC measured in 0.05-0.005 S NaCH,COO of pH 7-0 was practically independent of Na concentration and was found to be 6-8 and 9-11 mEq per 100 g of kaolinite and halloysite, respectively. The absence of change in the CEC with pH in the range from 4 to 7 has been also demonstrated for halloysite (Wada & Ataka, 1958) . There are differences in acid character between allophane (SiO2/A12Oa ratio; about 2) and imogolite (SIO2/A1203 ratio; about 1). Allophane behaves as a strong acid in a medium dry environment ( Fig. 1 and Table 4), though its acid strength is very much reduced by increasing water content. Although an agreement between the number of cation-exchange sites and acid sites in allophane has not yet been confirmed, a 'neutralization' of acidity by exchangeable alkali and alkali earth metal cations has been demonstrated for the medium dry clay (Fig. 2) . These exchangeable cations show no hydrolysis (Table 1; Wada & Harada, 1969) , but are released by lowering of pH of the ambient solution (Harada & Wada, 1973) .
The results described above together with the relatively high SIO2/A1203 ratio of allophane suggest that the acid sites in allophane are in such states as shown schematically in Fig. 5 . In the dry clay, the acid site is in the state (a), where the negative charge is derived from AI in four-fold coordination surrounded by three SiO tetrahedra. The coordination of this A1 is, however, not fixed and changeable to that in the state (b) depending on the water content in the system. The acid strength is then expected to decrease by change from the state (a) to (b). In aqueous solutions, the acid site in the state (b) is deprotonated depending on the solution pH and thereby provides the negative charge by changing to the state (c). The remarkable increase in acid strength, which takes place when the clay has been dried over P205 Imogolite shows only a very weak acidity under medium dry to moist condition (Table 4) . When suspended in an aqueous solution, it develops both negative and positive charges depending on the pH and salt concentration (Wada & Harada, 1969; Harada & Wada, 1973) . Ready hydrolysis of any retained exchangeable cation is also noted ( Table 1 ). The probable structure and changes of the acid sites in imogolite are shown in Fig. 6 . The very weak acidity developed by imogolite in the medium dry to moist environment is explained by proton donation from Si-OH and A1-OH2 + groups such as that shown in transformation from the state (b3 to (c'). The possible presence of both the functional groups has been shown in a most recent version of the structure model of imogolite (Cradwick et al., 1972) . The transformations of the acid sites from the state (b') to (a') and further to (d') would account for the increase in the acid strength when the clay is dried at relative humidities < 50% and is heated at 200~ or at higher temperatures. The state (a') and (d') represent a fairly strong BrSnsted acid site and a strong Lewis acid site, respectively._ Transformation from the state (b') to (a') and (dr) for imogolite and that from the state (b) to (a) and (d) for allophane do not exclude the possibility that other acid sites are created by dehydration and dehydroxylation. For example, linking of two terminal A1-OH~ groups through a bridging OH group has been indicated to result in release of a proton (Harada & Wada, 1973) . The contribution of the respective reactions is, however, a topic left to future studies. It is interesting to note that, although the acidity created by drying or heating was readily blocked by interaction with water, a remarkable increase in the CEC was noted when the
